This paper presents the power flow modeling of droop-controlled distributed generation units with secondary frequency and voltage restoration control for hierarchically controlled islanded microgrids. These models are incorporated in the conventional Newton-Raphson power flow method as a new bus, without the necessity of a slack bus, and include the gains of the control systems that influence the steady-state solution. Two case studies are addressed. In the first case study, comparisons of the proposed models against the steady-state solutions obtained with PSCAD and Simscape Power System of Simulink, where the closed-loop controls are explicitly modeled, are presented. In the second case study, the proposed method is contrasted against the droop-based approach.
time-domain simulation programs, such as PSCAD, Simulink, RSCAD, among others, and simulate until the transient disappears. Even though this is a direct method, it presents some drawbacks, i.e., the controller has to be stable, and the initial condition has to be within the attractor, but the controller tunning and the calculation of proper initial condition are already complicated problems in themselves. Some others techniques based on iterative processes can be used instead of only direct time domain simulation. Some of these techniques are in the time domain [7] [8] [9] , frequency domain [10] , [11] , extended harmonic domain [12] , [13] and hybrid domain [9] . These techniques present better convergence properties such as shorter computation time, the computation of unstable solutions, and those based on the Poincaré map give as byproduct the Floquet multipliers of the computed solution; however, these methods also have drawbacks, such as, the computational burden, the sensitivity of the correct computation of the transition matrix, among others, for more details see these references [14] , [15] . In power systems industry, the common way to compute the steady-state is solving the power balance equation using the Newton method [16] .
As compared with synchronous generators in conventional power systems, the injected active and reactive power by the distributed generation (DG) units in microgrids are not usually known at the starting of the Newton iterations since they depend on their specific control systems [17] [18] [19] . Additionally, in the islanded operation mode, the frequency of the system can be different from the nominal and the so-called slack bus is missing [20] , [21] . Despite that the slack bus could be reassigned or distributed in an islanded situation, the DG unit selected as slack bus should be able to provide all the missing active and reactive power, but it could not always be possible due to their limited and not dispatchable capacity [2] , [22] .
Microgrids control requirements and strategies to perform local balancing and to maximize their benefits have led the MGs to fulfill a wide range of functionalities, such as power flow control to avoid exceeding line capacities, voltage and frequency regulation, energy balance, among others [18] , [23] [24] [25] . In this way, practical MGs include hierarchical control schemes to achieve the desired operational requirements.
Consequently, since the hierarchical controls modify the steady-state operation of the MG, they have to be included in the methods for the computation of the steady-state. Hierarchical control systems increase the difficulty of the power flow modeling since their secondary and tertiary controls change the operating points of the MGs, such that, the active and reactive power injected by the DG units differ from those injected by DG units with only droop control. Keep in mind that the tertiary control level typically operates in the order of minutes [17] . Therefore, their outputs can be considered constant in the power flow modeling; however, the operation time of the secondary control, such as the frequency and voltage restoration control, is close to the primary control operation time. Hence, the outputs of the secondary control cannot be assumed as constant inputs to the primary control. For these reasons, the power flow model must include primary and secondary controllers.
In the literature, it can be found that several authors have addressed the power flow problem for islanded droop-controlled microgrids [2] , [20] , [22] , [26] [27] [28] [29] [30] [31] [32] [33] . For example, a three phase generalized power flow for islanded microgrids using a Newton trust region method is presented in [22] , it takes into account the droop characteristics of the DG units and unbalances in the microgrid, furthermore, a comparison with PSCAD is performed using a six-bus MG, achieving maximum errors of 0.5% and 0.05% in phase and voltage magnitude, respectively. In [20] , an interior point-based power flow for balanced droop based microgrids is developed. The method is compared against PSCAD using a six-bus MG, the maximum absolute error achieved is 1.689ˆ10´2; besides, the computing time needed by the method was 0.23748 seconds. Virtual impedances have been included in the power flow computation in [2] . A particle swarm optimization to solve the power flow problem in islanded microgrids is performed in [26] , where the stability of the system is also ensured. In [27] , the authors proposed the inclusion of the droop equations in the conventional power flow formulation, with the purpose of having a straightforward method that can be integrated into current commercially available power system software. Comparisons against PSCAD were presented in the paper, being the maximum voltage magnitude and phase angle error achieved of 2ˆ10´4 and 8.5ˆ10´3, respectively. An AC/DC load flow algorithm for islanded microgrids taking into account the droop characteristics is presented in [28] , the load flow is solved sequentially, having as subsystems the AC system and the DC system, using a modified directed forward-backward sweep method. In [29] , a branch-based power flow for islanded microgrids is shown, a forward-returnforward-sweep method including droop controls is proposed in this work. In [30] a review of power flow methods for droop-based islanded microgrids is addressed, the authors compare the algorithms in terms of accuracy and convergence time, besides, a method based on particle swarm optimization is presented. Reference [32] presents a methodology to extend the conventional power flow method to islanded microgrids; however, only considers droop controls. Furthermore, the authors present a seven-bus case and the method converges in 2.065 seconds. A generic modeling approach for droop-controlled and isochronous MGs is presented in [31] ; the authors develop models for different primary control operation schemes and unbalanced conditions; however, only includes primary controls. Recently, reference [33] presents a generalized microgrid power flow method for radial and weakly meshed topologies, which includes primary and secondary control schemes. The authors use a direct backward/forward sweep method, where the power flow problem is solved sequentially in a double-loop process deteriorating the convergence rate; a case study is presented, but no comparison results against other methods are performed, and only uses linear loads. Additionally, the authors state that the algorithm convergence depends on the stability of the microgrid controllers. This paper presents the power flow modeling of the hierarchically controlled DG units with primary droop-based and secondary frequency and voltage restoration controls to cope with the problems mentioned above. The obtained models are represented as a new bus type embedded in the conventional Newton-Raphson power flow [16] . Therefore, the method maintains its quadratic convergence regardless of the microgrid topology, stability, control tunning, and its nonlinear loads. Furthermore, the method preserves explicitly the control gains that influence the steady-state solution.
One of the main issues of islanded microgrids, in the context of the power flow formulation, is that the slack bus does not exist [2] . In this regard, it is demonstrated that the frequency restoration term is related to the bus phase angle where the secondary control regulates the voltage. Consequently, this phase angle becomes the reference angle for the DG units, thus, the slack bus is not needed, but all the units (grid-forming units) participate in sharing the injected power according to the hierarchical control. This feature is a fundamental advantage because it avoids the use of an adaptive slack bus [33] or the fixing of a bus phase angle to zero [2] . The steady-state solutions obtained with the proposed Newton-Raphson based power flow are compared against the steady-state solutions obtained with time-domain implementations in industrial electromagnetic transient simulation programs.
The paper is organized as follows: Section II describes the hierarchical control considered for the proposed power flow formulation. Section III introduces the formulation of the proposed power flow model which includes the primary droop control and the secondary frequency and voltage restoration control. Section IV describes the microgrid used as the test system. Section V outlines the case studies and presents results obtained. Finally, Section VI provides the conclusions of this work.
II. HIERARCHICAL CONTROL
In order to operate the microgrid in a controlled manner, a two-level hierarchical control scheme is included [18] . The scheme is composed by a local primary control, a secondary control for frequency and voltage restoration, and a synchronous reference frame phase-locked loop (SRF-PLL) [34] for measuring the voltage magnitude (|V m |) and frequency (ω m ) of the m-th bus of the system, as seen in Fig. 1 .
The primary control level, which is modeled in the dq-reference frame, is responsible for performing the grid-forming function, and its structure is shown in Fig. 2 . This level consists of a conventional droop control, in which, the active and reactive power contribution of the n-th DG unit depends on the frequency/active power (P -ω) and voltage/reactive power (Q-V ) droop characteristic curves, respectively, being expressed as [35] , where ω˚is the nominal angular frequency of the system, |Vn | is the voltage amplitude reference, and K p n and K q n are the P -ω and Q-V droop coefficients, respectively [35] . Additionally, this stage includes an inner current control loop and an outer voltage control loop which define the control signals for operating each DG unit with a given amplitude V n and frequency ω n , as shown in Fig. 2 [19] .
Current loop
Voltage loop On the other hand, the secondary control level is responsible to compensate the MG frequency and voltage deviations [18] . This control measures the system frequency and bus voltage and compares them against the references ω˚and |V˚m |, respectively. Note that, |Vn | is the voltage reference for the primary control, and |V˚m | is the voltage reference for the secondary control. The error in each case of the secondary control is processed through a proportional-integral (PI) controller to obtain the output signals u rest ω and u rest v , as follows,
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where ω m and |V m | are the angular frequency and the voltage magnitude measured in the m-th bus, respectively. In this bus, the secondary control restores the frequency and voltage magnitude. It is important to mention that the secondary frequency control works using the SRF-PLL measurements, and these influence the DG units output phase.
The output signals u rest ω and u rest v are sent to each DG unit to restore the frequency and voltage deviations after every change in the microgrid, therefore, the equations (1) and (2) are modified as follows,
Observe that in a microgrid with a point of common coupling (PCC), both frequency and voltage restoration controllers are controlling the same bus; however, in the case of a multi-bus microgrid, the voltage restoration control can be distributed in the different buses of the DG units [36] .
As mentioned in the Introduction, due to the tertiary control level typically operates in the order of minutes, their outputs can be considered constant for the power flow modeling, therefore, the tertiary control is not included in the hierarchical control shown in this section; however, the function of this level concerns with the optimal operation of the microgrid subject to different objectives such as economical dispatch, power flow balance, stability, among others [18] , [25] , [36] , [37] . In this way, the tertiary control, based on nominal reference values, modifies the primary and secondary control references (V˚˚, K p , K q ) depending on the operational objectives selected. For example, the modification of K p and K q , changes the active and reactive power dispatch ratio among the DG units [18] . On the other hand, the reference voltage V˚˚, which is used to restore the voltage deviations can be modified when the secondary voltage control is distributed to control the DG units reactive power injection [36] ; in the case of a single PCC, the secondary voltage control is used to restore the voltage deviation due to the primary control.
III. POWER FLOW MODELING
In the conventional power flow method [16] , all buses fall within only three types: voltage controlled bus (PV), load bus (PQ), and slack bus. Using these bus models, the DG units operating in PV and PQ mode can be represented in the power flow problem [38] . However, the droop-controlled DG units cannot be modeled by any of the typical buses (PV, PQ, and slack). To cope with this problem, a new bus, called droop bus, was introduced [22] . Nevertheless, none of these bus types can represent the droop-controlled DG units with secondary control for frequency and voltage restoration. In this regard, this section presents the procedure for the incorporation of the hierarchically controlled DG units for islanded AC microgrids in the well-known power flow method [16] .
A. Active power droop control and frequency restoration formulation
The active power output of each DG unit is governed by equation (5), which in turn depends on the frequency restoration output of the secondary control. According to (5) , with ω m " ω˚and where the subscript m indicates the bus controlled by the secondary control, the active power reference of the n-th DG unit becomes,
where u int ω is the output of the frequency secondary control integrator`k iw ş pω˚´ω m qdt˘in steady-state and it is calculated as follows.
The bus phase angle θ m , where the secondary control measures the frequency, is related with the angle δ m in the following way,
where t is the time. Observe that if (8) is derived with respect to the time, the following expression results,
Thus, (9) can be substituted in the integral part of (3); then by integrating u int ω , the following expression is obtained,
where δ 0 m is an initial condition. Note that, if the phase reference is shifted due to the SRF-PLL measurements as mentioned in Section II, the change is reflected in δ 0 m . In this work the SRF-PLL measures the q voltage component (v q ), therefore, the output will be shifted 90 degrees. Merging (7) and (10), it is observed that P ref n depends on the bus angle (δ m ) where the bus is being controlled by the secondary control, the integration gain (k iw ), the droop gain (K P n ), and the initial constant value,
Therefore, using (11) and scaling it to p.u., the equation that has to be solved for the active power ∆P n is as follows,
Note that in eq. (12) only appears the control gains that modify the steady-state solution. Furthermore, it is shown that the secondary control sets the reference phase angle for all the DG units. This finding shows that, regarding power flow formulation, the slack bus is not needed, but instead, all the DG units share the injected power. Consequently, the use of an adaptive slack bus [33] or the fixing of a bus phase angle to zero [2] are avoided.
B. Reactive power droop control and voltage amplitude restoration formulation
According to (6) , the power flow model for the reactive power of the n-th DG unit, can be written as follows,
where u int v is the integrator output of the secondary voltage control in steady-state. In this case, there is no equation related to the integral part of the secondary voltage control such as in the secondary frequency part; however, it is known that in steady-state, the voltage at the controlled bus is going to be fixed to the value of the secondary voltage control reference (|V m | " |V˚˚|), therefore, the reactive power equation related to the controlled bus is used to compute the value of u int v . In this way, there is no change in the formulation due to the secondary voltage control and the reactive power formulation ∆Q n is as follows,
Finally, the mismatching equations of the new controlled bus needed by the power flow formulation, which will be called as hierarchically controlled PQ (HCPQ) bus from now on, can be summarized as follows, According to (13) , the controlled reactive power is based on the measured capacitor voltage shown in From Fig. 4 , the reactive power flowing from the DG unit to the PCC, can be computed as, Q "´`|V | 2 |Y |sinpθq´|V ||V pcc ||Y |sinp´δ`β`γq˘ (16) where |V pcc | is known since it is a controlled voltage (|V pcc | " |V˚˚|), β is the phase angle of |V pcc |, as seen in Fig. 4 , and γ is the admittance angle. Merging Eqs. (13) and (16) yields to,
this equation can be rearranged as,
Computing the roots of (18), the voltage |V | can be obtained. In this way, since the voltage of the new controlled bus HCPQ is already known, the mismatching equations needed in the power flow formulation are reduced as follows,
Finally, combining the model of HCPQ from equation (15), and the PV and PQ buses from the conventional power flow method, the power flow formulation of the whole system can be summarized as follows, 
HCPQ bus
Note that The HCPQ bus can be replaced by equation (19) if the DG units are connected to the bus controlled by the secondary voltage control. In order to have a better understating of the power flow method, a flowchart is presented in Fig. 5 .
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Initialize V n =1; ¡ n =0; and set the parameters for the PV and PQ buses
Can the HCPQ buses be reduced?
Compute the voltages of the HCPQ buses using eq. (18)
Using the line data, compute the admittance matrix of the MG Compute the active and reactive power references for the HCPQ buses using eqs. (11) and (13) Compute the active power references for the HCPQ buses using eq. (11) Set up the system mismatching equations for the HCPQ, PV and PQ buses (eq. 20) and solve them.
The solution is within a given tolerance?
End
Computation of new |V n |, share the AC common bus where the secondary frequency control acts; the secondary voltage control acts at the different PCCs [36] . The microgrid contains linear loads and a voltage-dependent non-linear load connected to the AC common bus. The HCPQ buses represent the DG units, the PQ buses represent the loads, and the PV bus represent the AC voltage source. Table I shows the parameters of LC filters, feeders, and primary controls. The case study considers the same PI control gains for all the DG units;
however, the droop characteristics are different for the DG units as shown in Fig. 6 . Additionally, the line impedances and the voltage references for the restoration control (|V˚˚|), are also shown in Fig. 6 ;
the parameters of the line impedances were extracted from [40] . The proportional and integral gains were calculated based on stability constrains. This was performed based on a small-signal analysis previously proposed, interested readers may refer to [41] in which a small-signal stability analysis is performed for an islanded microgrid.
The nonlinear industrial load at bus 12 expressed as [20] ,
where α " 0.18, β " 6, P 0 L,12 " 0.5 p.u., Q 0 L,12 " 0.3 p.u., and S base " 10 kVA.
V. POWER FLOW MODEL EVALUATION
This section presents two evaluation cases of the proposed power flow model for hierarchically controlled islanded microgrids. In the first case, a comparison among the obtained steady-state solutions with the proposed models, and the steady-state solutions obtained with the complete time-domain models using two professional simulators, PSCAD and MATLAB/Simulink, is performed. Additionally, presents an analysis of the convergence behavior for different X/R transmission line ratios in resistive microgrids.
In order to show the difference in the solutions obtained between a hierarchically-controlled MG and a droop-controlled MG, the second case study presents the differences between the power flow solutions obtained with the hierarchical control (HCPQ bus), and with the primary control (droop bus) against the variation of the load 4. The load 4 is varied as follows,
where λ is the loading factor, and PF is the power factor of the load. Additionally, in this case the secondary voltage control reference is |V˚˚| " 1 for all the DG units, and the nominal bus 4 load is Table III shows its convergence mismatches and CPU time. Notice that the method has a quadratic convergence characteristic and achieve a convergence error of 8.519ˆ10´1 1 in only four iterations at 0.145 seconds.
As is shown in this case study, the power flow method has a good performance regarding the execution On the other hand, the phase angles differences show positive and negative evolutions, which also increase as the load increases. As mentioned before, the reference angle is imposed by the secondary control, therefore, as shown in Fig. 8 , the phase angles achieved by the hierarchically controlled MG case are different to those obtained with the droop-based controlled MG case, in which case, a phase angle has to be fixed. Figure 9 shows the differences between the powers injected by the hierarchically controlled MG and the controlled case. This behavior is owing to the lack of voltage regulation, which also causes more power losses.
The differences shown in this case study, exhibit the importance of using hierarchically controlled power flow models when the DG units include secondary controls for voltage and frequency restoration. Power flow based analyses are widely used in industry. Therefore, accurate modeling is essential to achieve reliable steady-state solutions. It is demonstrated that the proposed HCPQ bus enhances the reliability of power flow solution of hierarchically controlled islanded microgrids.
VI. CONCLUSION
This paper has introduced a methodology to include the hierarchical control of islanded microgrids with a primary droop-based control and a secondary control for frequency and voltage restoration in the wellknown power flow method. The proposed power flow models have been validated against the steady-state As an essential advantage, the proposed power flow models do not need a slack bus since the secondary frequency control fixes the phase angle reference, avoiding the use of an adaptive slack bus or the fixing of a phase angle to zero. Furthermore, the second case study showed that the power flow solutions obtained with the hierarchical control (HCPQ bus) differ significantly from the solutions obtained using only the primary control (droop bus). The results obtained with the proposed HCPQ bus correspond to the obtained in practical hierarchically controlled MGs. Therefore, the proposed power flow modeling is an useful and reliable tool for analyzes, planning, design, monitoring and control of microgrids.
